The effects of prostacyclin, nimodipine. and verapamil on local cerebral pH (LCpH) and CBF (LCBF) in middle cerebral artery (MCA)-occluded rats were compared with those in controls and others receiving ni modipine carrier. LCpH and LCBF were determined si multaneously by a double-label autoradiographic tech nique, The infusions were intravenous. started IS min fol lowing the occlusion, and ended at decapitation 4 h postocclusion, The dosages were 0,5 fLg/kg/min for nimo dipine, 40 fLg/kg/min for verapamil, and 5 ng/kg/min for prostacyclin, Cortical LCpH in the MCA territory of control and carrier-infused rats varied between 6,72 ± 0,05 and 6,76 ± 0,05 (means ± SEM), These values were significantly lower than the LCpH in the same structures in the contralateral hemisphere (7,09 ± 0,06; p < 0,05), LCBF on the side of occlusion varied between 54 ± 5 mlllOO g/min for the parietal and 57 ± 7 mJ/IOO g/min for Two metabolic consequences of cerebral isch emia that have received attention recently are the accumulation of lactate with the consequent devel opment of acidosis and the rise in intracellular cal cium concentration (Hass, 1981; Plum, 1983; Raichle, 1983), Both of these processes have been considered harmful to cellular viability and sur vival. Experimentally, excessive lactate accumula tion, usually in the setting of hyperglycemia in as sociation with cerebral ischemia, has resulted in in creased morbidity and mortality (Myers, 1979; Ginsberg et aI. , 1980), intensification of histological
the sensorimotor cortex. while on the contralateral side, LCBF in these same structures was 190 ± 18 and 191 ± 4 mlll00 g/min. respectively, LCpH was not modified by prostacyclin treatment following MCA occlusion, but the pH in the structures that were acidotic in the controls became indistinguishable from contralateral values in ni modipine-and verapamil-treated animals, In contrast. LCBF was statistically higher than controls in many structures only in rats treated with prostacyclin, This suggested that the correction of LCpH produced by cal cium blockers was not related to an effect they had on blood flow, Animals receiving calcium blockers tended to have smaller areas of infarction, These results may have therapeutic implications in cerebral ischemia, Key Words: Calcium channel blockers-Focal cerebral ischemia local cerebral pH.
changes and conversion of foci of cell death into larger regions of infarction (Kalimo et aI. , 1981; Pulsinelli et aI. , 1982) , development of cerebral edema (Pulsinelli et aI. , 1982) , and poorer regenera tion of ATP following reperfusion (Rehncrona et aI. , 1981; Welsh et ai. , 1982) . Some of these findings, particularly regarding the increased mor bidity and mortality (Pulsinelli et aI. , 1983; Berger and Hakim, 1985) and the development of cerebral edema (Berger and Hakim, 1985) , have been shown to occur in diabetic and hyperglycemic patients suf fering a stroke. Calcium, on the other hand, has been shown to accumulate in ischemic brain re gions (Dienel, 1984) . The intracellular movement of this ion is considered lethal to the cell regardless of the causative agent or process, including ischemia (Farber, 198 1; Hass, 1981; Siesj6 and Wieloch, 1985) .
Several indications in the literature, reviewed below, suggest that Ca2+ and H+ homeostasis may be related. The purpose of this work was to test the possibility that calcium channel blockers, in addi tion to their suggested vasodilating properties, in fluence the ability of an ischemic cerebral region to regulate its pH. This report shows the changes in local cerebral pH (LCpH) and CBF (LCBF) that occur 4 h following middle cerebral artery (MCA) occlusion in the rat in the presence or absence of one of two calcium blockers, verapamil and nimo dipine. LCpH and LCBF were determined simulta neously in each animal using a double-label autora diographic technique.
MATERIALS AND METHODS
Male Sprague-Dawley rats. weighing �250 g. were fed a regular laboratory diet (Ralston Purina Inc., Richmond. VA, U.S.A.) but fasted overnight prior to the experiment. On the day of the experiment. each rat was anesthetized with 1.5% halothane and polyethylene catheters were placed in one femoral artery and both femoral veins. The left MCA was then occluded using the method of Ta mura et . al. (l981a) . The entire procedure usually required 75 mm. Completeness of the occlusion was verified intra operatively by lack of passage of 0.5 ml Evans Blue in jected intravenously. Starting 15 min after the occlusion. one of the following agents was infused through the fem oral vein:
(a) Nimodipine (Miles Laboratories. Rexdale, Ontario. Canada), 67 f.lg/ml of carrier that was composed of 200 g 9 � % ethanol, 170 g polyethylene glycol 400, 2 g sodium citrate, and 0.5 g citric acid. The infusion was calculated to deliver 0.5 f.lg/kg/min. The volumetric rate of infusion was �2 f.lllmin. The syringe and catheter were covered completely by aluminum foil to counteract sensitivity of nimodipinc to light.
(b) Nimodipine carrier alone at 2 f.ll/min. (c) Verapamil (Knoll Pharmaceuticals. Markham, On tario, Canada). 2.5 mg/ml in isotonic aqueous solution. infused to deliver 40 f.lg/kg/min. The volume of infusion was thus 4 f.lllmin.
(d) Prostacyciin (Upjohn Co .. Kalamazoo. MI. U.S.A.), 0.5 mg diluted in 50 ml of glycine buffer. Within 12 h a 1:6 dilution of this solution into saline was pre pared and Infused at a rate of 5 ng/kg/min. The volume of infusion was 0.875 f.lllmin.
In addition, a group of control rats underwent the same procedure but were not infused with any drugs. There were four rats in each group. The infusion was main tain � d for a total of 3.75 h. Three hours following the oc clUSIOn the procedure for the autoradiographic study was started.
Autoradiographic measurement of LCpH and LCBF
General procedure. The method for the simultaneous measurement of LCpH and LCBF has been described in detail in the companion article (Hakim and Arrieta, 1986) . Briefly, once the MCA occlusion was completed and the wound closed, exposure to anesthetic was stopped and the rat was immobilized by a plaster cast below the waist. Three hours after the occlusion, 85 f.lCi of [14Cldimethyloxazolidinedione ([l4C] Sakurada et al. (1978) . The animal was de capitated I min later; the brain was removed and immedi ately frozen in Freon 12 chilled at -55°C with liquid ni trog � n, mo � nted, coated with embedding matrix, and sectIOned mto consecutive 20-f.lm sections using a cryostat at -22°C (American Optical Co., Buffalo, NY, U.S.A.). Approximately 80 sections distributed across the brain were collected on glass cover slips, dried at room temperature, and subsequently exposed to x-ray film (Kodak SB-5) for 3 days. For each section taken for autoradiography, an adjacent section was submitted for histological examination (see below). Calibrated [14C]methylmethacrylate standards were included in every autoradiograph (New England Nuclear, Boston, MA, U.S.A.). Following this first exposure, which Yielded the first film containing both [l4C]DMO and [14C]IAP, the brain sections were exposed in the fume hood (temperature 28°C, air flow 83 m3/min) for 10 days. This resulted in total sublimation of [14CJDMO. There was no loss of [14C]DMO while the brain sections were being exposed to the first film (Hakim and Arrieta, 1986) . The sections were then reexposcd as above for an addi tional 3 days. resulting in a second film containing only [14CJIAP. Autoradiographic concentrations of [14C]DMO were then calculated by subtraction. Densitometric mea surements were made with a photovolt densitometer (model 52; Photovolt Co., New York, NY, U.S.A.) equipped with a O.I-mm aperture. Each structure was identified by comparing its location with that in the atlas of Konig and Klippel (1963) and another provided by Dr. L. Sokoloff. Once identified, the structure was read at least once on at least five different sections. The same brain sections were used to read any one structure in both films. et al. (1978) .
Histological studies
The brain sections were collected on glass cover slips and then soaked for at least I h in a fresh solution made up of 0.4 M sodium cacodylate (25 ml), 50% glutaralde hyde (4 ml), and distilled water (70 mI). They were then transferred into cacodylate buffer until staining with cresyl violet. These stained sections showed regions of decreased dye uptake, which on histological examination demonstrated morphological changes consistent with ischemic cell damage (hyperchromatic cytoplasmic clumping with irregular nuclear and cytoplasmic mem branes). For each experiment, the brain section with the largest area of decreased staining was chosen visually for quantitation. A photographic print was then produced and digitized (Digiplan; Zeiss Inc.) The area of infarction was then compared with the cross-sectional area of the entire brain section.
Statistical analysis
Each structure was submitted to a one-way analysis of variance in both the side of occlusion and the contralat eral hemisphere. This was done for LCpH and LCBF in the controls as well as in animals receiving carrier, nimo dipine, verapamil, and prostacyclin. To determine the specific differences among the population means, the method of locating the least significant difference was used. The results were declared significant if p was <0.05.
RESULTS

Physiological parameters
The mean venous glucose levels, arterial blood gases, arterial pressure, hematocrit, and body tem perature in each of the groups of rats are shown in Ta ble 1. It can be seen that the only significant dif ference in any of these functions was the lower mean arterial blood pressure in the group receiving verapamil as compared with the control rats.
Cerebral pH Figure 1 shows LCpH in several structures in the hemisphere contralateral to and on the side of MCA occlusion in four groups of rats: control and those receiving nimodipine, verapamil, or prostacyclin. The LCpH in rats receiving the carrier for nimodi pine is not shown as it was indistinguishable from that in controls. It can be seen that in cortical structures indicated by "a," the pH on the side of occlusion in the control no-treatment group is sig nificantly lower than that in the contralateral hemi sphere (p < 0.05). For the other groups, structures that have a pH that is significantly different from that in the controls are shown by "b." No change from controls was observed following the infusion of prostacyclin. On the other hand, both calcium channel blockers corrected the LCpH in the isch emic hemisphere to values significantly higher than in the rats receiving no treatment, thus making them comparable with the contralateral hemisphere values. Figure 2 shows LCBF in structures in the isch emic and contralateral hemispheres in the same groups as in Fig. I . All cortical structures in the ischemic hemisphere of the control rats, labeled "a," had significantly lower LCBF than in the con tralateral hemisphere (p < 0.05). Structures that on the side of occlusion in the control group of rats showed significant acidosis also had severe reduc tions in LCBF. There was no significant improve ment in LCBF in the affected hemisphere in re sponse to infusion of either calcium channel blocker, but several structures in both hemi spheres, indicated by an asterisk, showed signifi cantly higher LCBF values in the prostacyclin-re ceiving animals as compared with controls, al though none of the cortical structures in the territory of the occluded MCA were among these.
CBF
Histological changes
The mean cross-sectional areas of infarction, quantitated in each experiment from the cerebral .� 7 . 2 r u 7 01 section showing the maximum involvement, were calculated as a percentage of the total area of the section. The results for the different groups were as follows: no treatment and nimodipine carrier 18. 1 ± 2. 5% (n = 8), prostacyclin 17. 3 ± 2. 8% (n = 4), nimodipine 12. 8 ± 3. 2% (n = 4), and verapamil 11. 5 ± 1. 8% (n = 4). The differences among these measurements were not statistically different. 
DISCUSSION
Using a double-label technique that permits the simultaneous measurement of LCpH and LCBF in the same rat (Hakim and Arrieta, 1986) , the effect of therapeutic modalities imposed after MCA oc clusion on the pH and perfusion of ischemic brain was studied. The specific question related to the ef fect nimodipine and verapamil may have on cere bral pH. Our data show that these two calcium channel blockers prevent the development of cere bral acidosis measured 4 h following the onset of cerebral ischemia.
The The data reported for the control animals show LCBF values in the contralateral hemisphere that are comparable with those of Ta mura et al. (1981 b) ; but in the territory of the MCA occlusion, our LCBF values are higher. Reasons for this may in clude the longer interval after MCA occlusion at which we studied our animals and the higher P02 values to which the animals in Ta mura et al. 's ex periments were exposed. Published LCBF values following MCA occlusion have varied depending on the species used and the timing of the measure ments: Hossmann and Schuier (1980) reported LCBF values of 15.4 and 35.4 ml1100 g/min in the ipsilateral and contralateral cortex, respectively, at 4 h after MCA occlusion in the cat, while Awad et al. (1983) showed somewhat higher values. Ta mura et aI. (1980) showed that in the cat LCBF values in the occluded MCA territory could be correlated with the severity of histologic damage.
The LCpH values reported here in the control rats are similar to those published previously by Kobatake et al. (1984) in the same animal model and assumed by Mabe et aI. (1983) to prevail in the intracellular space following short -duration isch emia. Previous work has shown that [14C]DMO ad ministered after MCA occlusion can be used to de termine regional cerebral pH (Kobatake et aI., Vol. 6, No.6, 1986 1984) despite the focal reduction in blood flow. The LCpH calculated using the simplified equation above is in effect a weighted average of intracellular and extracellular pH. It is unlikely that the calcium channel blockers we have used increase the extra cellular space, causing a rise in the average pH, since other workers have found no relationship in human infarcts between measured changes in pH and extracellular space (Syrota et aI., 1985) , and our own calculations suggest that variations in ex tracellular volume below 20% do not affect calcu lated LCpH (Kobatake et aI., 1984) . It is also un likely that the pH changes reported here are due to focal changes in blood volume or tissue water con tent occurring in the animals receiving nimodipine or verapamil. Changes in either of these have been reported to result in minimal pH changes (Rotten berg et aI., 1985) .
Our data indicate that the correction of LCpH with nimodipine and verapamil is not associated with a simultaneous increase in LCBF. Rather, the LCpH correction may be related to increased ex port of lactate, decreased production of lactate, or the influence of these drugs on other mechanisms involved in H + transport. It is possible that nimodi pine and verapamil increased LCBF prior to our measurements, leading to decreased regional lac tate concentration. While a recent report shows that nimodipine alleviates delayed postischemic hy poperfusion (Milde et aI., 1986) , this effect is still controversial (Kazda et aI., 1979; Smith et aI., 1983) . Another recent report (Gotoh et aI., 1986) , in agreement with our findings, suggests that nimodi pine does not improve LCBF in ischemic regions of MCA-occluded rats, but many reports have ap peared to the contrary (Kazda et aI., 1979; Steen et aI., 1983; McCalden et aI., 1984) . Only one other publication has reported the effect of nimodipine on LCpH and LCBF (Meyer et aI., 1986) . In MCA-oc cluded rabbits, using umbelliferone to measure in tracellular pH and its washout to measure LCBF in the outer 1 mm of cortex, intracellular LCpH in the moderately ischemic regions was noted to decline following ischemia reaching 6.74 at 4 h. LCBF at this time was 14.5 mIll 00 g/min. Nimodipine caused LCpH to rise continuously to normal values and LCBF to stabilize at � 30 mllIOO g/min at 4 h post occlusion. Similar phenomena, albeit over wider ranges of LCpH and LCBF, were noted in the se verely ischemic sites. The authors left open the possibility that the effect of nimodipine on LCpH was due to the blood flow changes. This is an un likely explanation for our results since prostacy clin, reported by many to be a vasodilator (Pickard et aI., 1980; Uski et aI., 1983) , did not affect LCpH.
In addition, several reports indicate that once lac tate accumulates in an ischemic region, the rate at which it leaves is slow despite reestablishment of flow (Blomqvist et al., 1985; Hillered et aI., 1985) . In thiamine deficiency, focal cerebral acidosis, which is most likely due to lactate accumulation, can result in a pH of <6.5 in various cerebral struc tures (Hakim, 1984) despite normal or even ele vated LCBF (Hakim, 1986) . To address this point more specifically, LCpH and LCBF are now being determined at earlier intervals following occlusion.
It is possible but unlikely that LCpH in the isch emic zones is normal in the animals receiving cal cium blockers because lactate production in these regions is decreased. There is one report in the lit erature that calcium blockers increase local cere bral glucose utilization by normal brain (d' Avella et aI., 1984) , but in recent experiments D. Archer and H. M. Pappius have been unable to confirm this (personal communication). Normal cerebral ox ygen utilization was not affected by nimodipine (Harper et aI., 1981; McCalden et aI., 1984) , but in ischemic brain oxygen utilization was increased in the presence of this drug (Steen et aI., 1983) , sug gesting that more of the glucose may be utilized aerobically.
Our results may also be explained by the third possibility invoked above, i.e., that the presence of calcium blockers improves the ability of the isch emic cells to discharge thier proton load. The asso ciation between pH and calcium homeostasis in normal or ischemic conditions is not clear. An aci dotic extracellular environment may decrease cal cium binding in whole cell cultures (Langer, 1985) , but instances of increased intracellular calcium concentrations were reported with both decreased (Baker and Honerjager, 1978) and increased (Lea and Ashley, 1978; Rose and Rick, 1978) H+ con centrations. In the setting of ischemia, the extracel lular concentration of H + rose prior to the decrease in Ca2+ (Harris et al., 1981; Siesjo, 1981; Harris and Symon, 1984) , suggesting, as Siesjo has pointed out, that acidosis precedes membrane failure as represented by the intracellular influx of Ca2 + or efflux of K+ (Siesjo and Wieloch, 1985) . Some cel lular mechanisms for the mobilization of Ca2+ and H+ may overlap. A sodium-calcium exchanger ex ports 1 Ca2+ for 3 Na + and is powered by a voltage gradient across the membrane (Carafoli and Pen niston, 1985) . The existence of an Na+-H + ex changer is also known, as is its dependence on cy toplasmic pH (Grinstein et aI., 1985) . Thus, blocking the intracellular movement of calcium may allow the anti port to devote its energy to H + export. Calcium channel blockers may also improve calcium transport across the cell by the ATP dependent pump mechanism, since recent evidence suggests better restoration of ATP levels when an ischemic region is reperfused in the presence of cal cium channel blockers (Heffez and Passonneau, 1985) . Thus, these agents may be responsible for improved pH homeostasis by several mechanisms.
The moderation of ischemic acidosis reported here with verapamil and nimodipine may at least partly explain the beneficial effects of these agents in ischemia. The administration of nimodipine to patients with cerebrovascular accidents decreased morbidity and mortality (Gelmers et aI., 1986) , and the same was true in monkeys given nimodipine fol lowing complete cerebral ischemia (Steen et aI., 1985) . The latter study also reported improved his topathologic scoring in the presence of nimodipine. While others agree that nimodipine moderates the extent of histologic injury (Germano et aI., 1986; Marcoux, 1986) , there is still some debate on the matter (Gotoh et aI., 1986; Vibulsresth et al. 1986 ). We were not able to show any statistically signifi cant effect of nimodipine or verapamil on the size of cerebral infarction in this study, but our sample size was small.
Our finding that calcium channel blockers pre vent the development of cerebral acidosis may have important clinical implications. In addition, the method of simultaneous LCpH and LCBF mea surement used here offers a means of correlating changes in these two cerebral functions with the clinical and histological effects of various thera peutic agents. 
